The ion-translocating c ring of the Na + F1Fo ATP synthase of the anaerobic bacterium Acetobacterium woodii is the first heteromeric c ring found in nature that contains one V-(c1) and two F-type like c subunits (c2/c3), the latter of identical amino acid sequence.
Introduction
The anaerobic acetogenic bacterium Acetobacterium woodii is the prime example for an organism that uses Na + as coupling ion for chemiosmotic energy conservation [1] [2] [3] [4] [5] woodii making it the first FoVo hybrid rotor found in nature [19] . Most interestingly, the FoVo hybrid rotor-containing enzyme is capable of ATP synthesis [14] .
The hybrid rotor was purified and shown by laser induced liquid beam ion desorption mass spectrometry (LILBID-MS) to contain subunits c2/3:c1 in a stoichiometry of 9:1. This stoichiometry was independent of the carbon source of the growth medium [20] . A recent high resolution structure at 2.1 Å confirmed the 9:1 stoichiometry and the absence of the second Na + binding site in c1 [21] . Moreover, the N-terminal helix was shown to be present across the central pore towards a distal c2/3 subunit, parallel to the membrane plane [21] . To address the role of the different c subunits in the hybrid rotor, we have expressed the atp operon in E. coli, produced and analyzed the ATPase and studied the effect of deletions of single c subunits or combinations on ATP hydrolysis, Na + transport and assembly.
Results
Truncation of the N-terminal helix of subunit c1 of the Na + F1Fo ATP synthase of A. woodii has no effect on assembly or activity
The N-terminal helix of subunit c1 was suggested before to be involved in c ring assembly and/or function [15, 21] . To address this hypothesis, the N-terminal helix of subunit c1 was truncated (∆2-18) ( Fig. 1 ) and the ATP synthase was purified as described previously [22] . The
ATPase activity of the purified enzyme was 6.2 U/mg protein which is in the same range as the wild type enzyme. The enzyme was reconstituted into liposomes and Na + transport was measured ( Fig. 2A) . The rate of Na + transport catalyzed by the variant was 775 ± 27 nmol Na + /min • mg protein corresponding to a Na + /ATP stoichiometry of 0.26 ± 0.1 which is comparable to the wild type enzyme (0.27 ± 0.1). Deletion of the N-terminal helix had no effect on the c ring composition as judged by SDS gel electrophoresis and LILBID-MS of the purified
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Subunit c1 and c2 but not c3 are crucial for incorporation of the ATP synthase into the cytoplasmic membrane
To analyze the importance of the individual c subunits in incorporating the ATP synthase into the cytoplasmic membrane, they were deleted. The plasmids encoding deletion variants of the ATPase were constructed as described in experimental procedures with the plasmid pKB3-His as template. The design of the primers to delete either only atpE2 or only atpE3 was problematic due to 92.8% DNA sequence identity of the two genes. Therefore, the primers were designed to bind in the intergenic region which is less conserved. The plasmids constructed were transformed in the ATP synthase negative E. coli strain DK8 and cells were cultivated as described previously [22] . To monitor incorporation of the enzyme into the cytoplasmic membrane, the amounts of subunits b and b were detected by immunoblotting. The anti subunit b antibody also recognizes a 15 kDa peptide, most likely a degradation product whose concentration is higher in the deletion variants. Deletion of either atpE1, atpE2 or atpE3 had no effect on the amounts of subunits b and β present in the cytoplasmic membrane (Fig. 3A, B) , whereas deletion of atpE2 and atpE3 led to a drastically reduced amount of subunit b and the complete absence of subunit β (Fig. 3A, B) . The ATPase activity of the variants missing c1 or c2 was reduced by nearly 70% whereas deletion of c3 had no effect on ATPase activity (Fig.   3C ). The complete loss of incorporation of ATP synthases into the cytoplasmic membrane in the atpE2/atpE3 deletion indicates that a c1 ring is not produced or not stable. Production of a ring consisting only of c1 could be sterically inhibited since each monomer has an N terminal extension which is perpendicular to the c ring in the wild type. To address this possibility, the sequence encoding the N-terminal helix was deleted as described before in the Dc2/3 variant.
However, ATP synthase was still not incorporated into the cytoplasmic membrane (Fig. 3A, B).
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Subunit composition of c rings in the variants
To analyze the c ring composition, the wild type enzyme and the variants were solubilized from the cytoplasmic membrane and purified in one step via affinity chromatography (Fig. 3D) . In contrast to the wild type and the ∆c3 variant, the ∆c1 and ∆c2 variants had less c ring. Moreover, the amount of subunit e was apparently reduced in the ∆c1 variant. Consistent with the ATPase activities found at the cytoplasmic membrane, the ATPase activity of the ∆c3 variant was comparable to the wild type enzyme with 7.0 U/mg whereas the ∆c1 and ∆c2 variants only had activities of 1.7 and 2.7 U/mg, respectively (Fig. 3E ). The c ring was then purified from the variants as described [20] . The c ring purified from the ∆c1 variant still had the SDS-resistant phenotype ( Fig. 4A and B). After dissociation of the c ring with trichloroacetic acid, monomeric subunits c2/3 became visible but not subunit c1. The c rings of the ∆c2 or ∆c3 variant also had the SDS-resistant phenotype and contained the monomeric c2/3 and c1 subunits. To reveal the stoichiometry of the c subunits in the c rings from the variants, LILBID-MS analyses under medium laser desorption conditions were performed. Under these conditions the intact c ring as well as the fragmentation of the c ring could be detected. In the ∆c2 variant, the c3:c1 stoichiometry was 9:1, in the ∆c3 variant it was 9 c2: 1 c1 ( Fig. 4C and 4D ). Apparently, c2 and c3 are exchangeable. The c ring of the ∆c1 variant apparently contained 11 copies of the c2/3 subunit ( Fig. 4E) , indicating that the loss of c1 is compensated for by incorporation of two c2/3 subunits.
The ∆c1 variant is impaired in Na + transport
To determine whether the variants are still able to translocate Na + , the purified ATP synthases were reconstituted into liposomes. After the addition of ATP to the proteoliposomes, incubated in the presence of 4.5 mM 22 Na + , sodium ions were transported into the lumen of the proteoliposomes (Fig. 5A) 
Deletion of atpE1 -atpE3 does not reduce transcription of the ATPase genes
The result that deletion of atpE2 but not atpE3 had an effect on the properties of the ATP synthase, although both proteins are 100% identical, could possibly be attributed to a polar effect of the deletion on expression of downstream genes. To this end, we quantified expression levels of downstream genes by quantitative real time PCR. The relative mRNA level were determined for the atpB gene, which is directly in front of the atpE genes, the atpF gene, which is the gene after the atpE genes, and the atpD which is close to the end of the atp operon. As can be seen from 
Subunit c2 dominates over c3 in the c ring
To analyze whether there is a translational regulation which could explain the differences in the ∆c2 and ∆c3 variants the ratio of the two subunits in the c rings was determined. Since subunits c2 and c3 are 100% identical in their amino acid sequence, individual subunits were uniquely tagged by addition of one or two alanine residues at the C-terminal end. The different enzyme variants were purified and showed ATPase activities comparable to the wild type enzyme. The c monomers were extracted from the enzymes. As shown in where the c2 subunit was tagged with one alanine (c2+1A) the major peak was shifted to a mass of 8.25 kDa representing the molecular mass of the c2+1A subunit. A small peak was still
The role of the different c subunits within the hybrid rotor 7 obtained at 8.18 kDa which corresponds to the c3 subunit. When c2 was tagged with two alanine residues (c2+2A), the major peak was shifted to a molecular mass of 8.32 kDa corresponding to the c2+2A monomer. Again, the non-modified c3 subunit was still visible at 8.18 kDa. The analyses of the c3 variant with an additional alanine (c3+1A) showed that the major peak remains at a molecular mass of 8.18 kDa which represents in this case the c2 subunit. The expected peak of a c3+1A subunit with a mass of 8.25 kDa is not clearly visible due to its low intensity compared to the c2 adduct peaks (see above). To determine the ratio of c2:c3 the area under the peaks was analyzed. These results show that subunit c2 represent 92.43±1.05% of the F-type like c subunits. Based on the known stoichiometry of 9:1 (c2/3:c1), the stoichiometry of c1:c2:c3 can be calculated to 1:8.3:0.7.
Discussion
The recently published procedure to produce the Na + F1Fo ATP synthase of A. woodii
heterologously in E. coli The role of the different c subunits within the hybrid rotor 8 confirmed during the study [23] . Similarly, we observed neither an effect on enzyme activity nor on c ring stoichiometry when the N-terminal helix was deleted.
The deletion of the single atpE genes had no effect on the transcription or translation of the other ATP synthase genes of A. woodii. Therefore, polar effects of the deletions on expression of downstream genes can be excluded. The double deletion mutant (∆atpE2/atpE3) was not able to build an intact ATP synthase presumably due to a not assembled c ring which is known as the assembly platform of the ATP synthase [26, 27] . To exclude a steric effect by the N-terminal helix of the c1 subunit during assembly of a potential c1 ring the helix was deleted in the double mutant but the result was still the same. It was possible to purify the single deletion variants of the ATP synthase, but protein yield, activity and subunit composition differed. The deletion of the atpE3 gene had almost no effect and the enzyme displayed characteristics comparable to the wild type. In contrast, the deletion of the atpE2 gene led to an enzyme with less than 50% activity compared to the wild type. For both deletion variants the c ring stoichiometry could be determined and it was the same 9:1 (c2/3:c1) stoichiometry as in the wild type. The deletion of the V-type like c subunit had the largest effect. Although the loss of c1 was compensated by two c2/3 subunits, the purified enzyme had the lowest ATPase activity and was inactive in Na + transport indicating that c1 is essential for correct assembly of the functional c ring. In addition, it was very unstable resulting in a drastic reduction in yield. Based on the different effects of the deletions one can conclude that c1 alone is not able to assemble into a stable c ring. c1 may be the assembly platform on which c2 is mounted. c2
and c3 are 100% identical proteins but only 7.57±1.05% of the F-type like c subunits are made by c3. The loss of this fraction is not detrimental for assembly and function. On the other hand the results show that the loss of 92.43±1.05% of the F-type like c subunits in the ∆c2 mutant is severe for the enzyme activity. If the loss of activity is due to a mixture of correctly assembled and misassembled ATP synthases without a c ring due to lower amounts of c subunits available needs further investigation. Whether the amount of the F-type like c subunits and the effect of deletions is the same in the native host cannot be answered at the moment due to a lack of a genetic system for A. woodii. Anyway, although database searches suggest the presence of c1/c2
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woodii is without consequence. 
Experimental procedures

Chloroform/methanol extraction of c subunits and MALDI-TOF-MS measurements
For the removal of salt and detergent the purified ATP synthases were treated with C4 Zip Tips according to [38] . Therefore the C4 matrix (bed volume, 0. 
